Salmonella enterica rarely grows on healthy, undamaged plants, but its persistence is influenced by bacterial plant pathogens. The interactions between S. enterica, Xanthomonas perforans (a tomato bacterial spot pathogen), and tomato were characterized. We observed that virulent X. perforans, which establishes disease by suppressing pathogen-associated molecular pattern (PAMP)-triggered immunity that leads to effector-triggered susceptibility, created a conducive environment for persistence of S. enterica in the tomato phyllosphere, while activation of effector-triggered immunity by avirulent X. perforans resulted in a dramatic reduction in S. enterica populations. S. enterica populations persisted at ϳ10 times higher levels in leaves coinoculated with virulent X. perforans than in those where S. enterica was applied alone. In contrast, S. enterica populations were ϳ5 times smaller in leaves coinoculated with avirulent X. perforans than in leaves inoculated with S. enterica alone. Coinoculation with virulent X. perforans increased S. enterica aggregate formation; however, S. enterica was not found in mixed aggregates with X. perforans. Increased aggregate formation by S. enterica may serve as the mechanism of persistence on leaves cocolonized by virulent X. perforans. S. enterica association with stomata was altered by X. perforans; however, it did not result in appreciable populations of S. enterica in the apoplast even in the presence of large virulent X. perforans populations. Gene-for-gene resistance against X. perforans successively restricted S. enterica populations. Given the effect of this interaction, breeding for disease-resistant cultivars may be an effective strategy to limit both plant disease and S. enterica populations and, consequently, human illness.
T he occurrence of human pathogens, including Salmonella enterica, on raw produce is now responsible for the steady occurrence of food-borne bacterial illness in the United States (1) . Nontyphoid salmonellosis outbreaks have occurred annually over the last decade due to the contamination of a variety of edible plants by various serovars of S. enterica. Outbreaks associated with S. enterica contamination of tomato consistently occur in agricultural areas where the pathogen is now considered endemic (2) . S. enterica appears to establish reservoirs on plants and to use them as vectors to animals, a preferred host (3) . What factors influence S. enterica persistence in plants is not well understood (4) .
S. enterica demonstrates low epiphytic fitness on plants. The fitness of S. enterica on leaves is less than that of other common epiphytes, such as Pseudomonas syringae, Pseudomonas chlororaphis, and Pantoea agglomerans (5, 6) . Numerous studies with undamaged plants have reported the lack of net S. enterica growth in the phyllosphere (5, (7) (8) (9) . Given the poor fitness of S. enterica on plant surfaces, as measured by growth (9, 10) , factors that increase S. enterica populations or cause increased persistence may play a significant role in maintaining populations of this human pathogen on agricultural plants, which could lead to human illness.
The colonization of plants by S. enterica has been shown to be influenced by bacterial plant pathogens (9, 11) . S. enterica populations were higher on produce infected with bacterial soft rot than on produce that was mechanically damaged or affected by fungal soft rot (12) . Brute force pathogens, such as those that cause soft rot, macerate tissue by overwhelming plant defenses once population levels reach a quorum (13) ; they can increase S. enterica survival on plants by liberating nutrients that the human pathogen cannot access on its own (4) . Stealth plant pathogens (14) , such as Xanthomonas spp. and Pseudomonas spp. that rely on a type 3 secretion system (T3SS) for pathogenicity and suppression of host defenses (13, 15) instead of plant degradation enzymes, have also been shown to increase S. enterica survival on tomato plants (9, 16) . However, interactions between stealth phytobacterial and human bacterial pathogens remain to be well characterized.
Mechanisms that govern the interaction between stealth phytobacterial and human bacterial pathogens are poorly understood. Both pathogenicity and virulence factors of phytobacterial pathogens have been investigated as factors that affect human pathogen bacterial populations on leaves. The role of a functional phytopathogenic T3SS in S. enterica growth or survival on plants is complex. In leaves infiltrated with both S. enterica and P. syringae pv. tomato, a functional phytopathogenic T3SS was required for S. enterica growth (16) . However, in leaves precolonized by P. syringae pv. syringae, S. enterica survival was independent of the phytopathogenic T3SS, even though the T3SS or effectors contributed to P. syringae fitness (10) . Unlike previous work, we hypothesized that S. enterica survival in the phyllosphere is dependent on the pathogenicity of a cocolonizing stealth plant-pathogenic bacterium. Our approach was to examine the interaction of S. enterica and the plant pathogen X. perforans following inoculation of the two organisms onto the leaf surface. This approach requires bacterial survival on the leaf surface, migration and entry into the leaf apoplast via stomata, and suppression of plant defenses by the phytopathogen in the absence of abiotic leaf damage. We also hypothesized that effector-triggered immunity (ETI) induced against an avirulent phytopathogen reduces S. enterica survival in cocolonized leaves. To elucidate the mechanism that allows increased persistence, we also examined S. enterica colonization patterns and preferred niches.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 For studies other than microscopy, each S. enterica strain was transformed with plasmid pKT-Kan (17) . For microscopy studies, each S. enterica strain was transformed with pWM1009, which constitutively expresses kanamycin resistance and the cyan fluorescent protein (CFP). X. perforans strains were transformed with pUFZ, which constitutively expresses kanamycin resistance and the green fluorescent protein (GFP) (P trp -GFP) (18) . X. perforans strain 91-118, which contains avrXv3 and is recognized by the tomato cultivar NIL216 (avirulent), and an avrXv3 deletion mutant of X. perforans strain 91-118, which eludes recognition by cv. NIL216 (virulent), were used for plant studies. X. perforans was cultured on nutrient agar (NA) (Difco) and S. enterica on Luria-Bertani agar (19) amended with 50 g/ml kanamycin (LB-kan).
In planta S. enterica and X. perforans population dynamics. For plant inoculum preparation, overnight cultures of X. perforans and S. enterica from plates were resuspended in sterile tap water to an optical density at 600 nm of 0.3 for X. perforans and 0.2 for S. enterica, approximately 10 8 CFU/ml for both species. S. enterica strains were combined in a 1:1 ratio prior to inoculum dilution, and this cocktail was used for all experiments. Five-week-old tomato cultivar NIL216 plants containing the Xv3 resistance gene were coinoculated with avirulent X. perforans and S. enterica, virulent X. perforans and S. enterica, or S. enterica alone, with three replicates for each treatment. Inoculations were performed by dipping the plants for 30 s into a sterile tap water suspension of a 1:1 ratio of X. perforans (10 6 CFU/ml) and S. enterica (10 6 CFU/ml) and S. enterica alone (10 6 CFU/ml), amended with 0.025% (vol/vol) Silwet 77 (Fisher Scientific). Experiments were repeated at least twice.
For testing the effect of X. perforans populations on S. enterica survival, the initial inoculum concentration of virulent X. perforans was altered. Inoculations were performed by dipping plants for 30 s into a sterile tap water suspension of a 1:1 ratio of virulent X. perforans with two different concentrations (10 6 CFU/ml and 10 5 CFU/ml) and S. enterica (10 6 CFU/ ml), amended with 0.025% (vol/vol) Silwet 77, with three replicates for each treatment. The inoculated plants were kept in a growth chamber at 25°C with a 12-h light-dark cycle at 95% humidity for 2 days, followed by 12 h high (Ͼ90%) humidity for the remainder of the experiment. Experiments were repeated at least twice.
Bacterial populations were determined every 48 h. To test the effect of leaf age on bacterial colonization, young, middle, and old leaves were assayed as shown in Fig. S1 in the supplemental material. A 2-cm 2 area of leaf tissue was removed from each leaflet with a sterile cork borer. Using sterile forceps, two leaf disks were then placed into a sterile tube containing 1 ml sterile tap water and homogenized with a micro-Dremel tool (Dremel, PA). Standard 10-fold dilution plating of the homogenate was carried out, and suspensions were plated onto NA and LB-kan to estimate X. perforans and S. enterica populations, respectively, from each sample. The NA plates were incubated at 28°C for 3 days and the LB-kan plates at 37°C for 24 h. Colonies were counted, and bacterial populations were calculated as CFU per cm 2 of leaf area. CLSM. Colonization of S. enterica in leaves cocolonized by X. perforans was assessed at 2 and 7 days postinoculation (dpi). Leaf samples (1 cm 2 ) were mounted on a clean glass slide in 50% glycerol and covered with a coverslip that was held down tightly with clear plastic tape. The leaves were observed under confocal laser scanning microscopy (CLSM) (TCS-SP 5; Leica, Germany). Samples were scanned with a 458-nm excitation filter for CFP and a 488-nm filter for GFP, and a spectral detection window was selected at 460 to 540 nm (for CFP) and 505 to 550 nm (for GFP) for emission using a prism-based spectrometer. In order to avoid overlap between the two signals, samples were scanned with the "betweenthe-frames" scanning option. The images were acquired using LAS AF Lite version 3 software (Leica Microsystems, Germany). To count the stomata colonized by S. enterica, samples were observed under ϫ40 magnification, and stomata from 10 random fields of view per leaf were examined for the presence of S. enterica on one leaf taken from each of three plants. The experiment was repeated at least three times. Statistical analysis. Bacterial populations were log transformed to obtain normal distributions for analysis. A linear model (y ϭ ax ϩ b, where y is the S. enterica concentration in log CFU/cm 2 , x is the time [in days postinoculation], a is the slope of log CFU/cm 2 · day Ϫ1 , and b is the initial S. enterica concentration) was fitted to the transformed population data to describe the S. enterica population decline over time. To determine whether the average population of S. enterica differed between treatments or over time, analysis of covariance (ANCOVA) was used to test the potential effects of X. perforans cocolonization of leaves on S. enterica populations, with treatment, time (dpi), and leaf age as covariates. The same analysis was used to analyze X. perforans populations. Repetitions of the experiment were considered block factors. S. enterica populations (log CFU/cm 2 leaf tissue) were compared between treatments at specific time points (dpi) using a two-sample t test. These statistical analyses were performed using R software (20) . To determine whether the decline of the S. enterica population was different among treatments, a t test of the slopes was performed using SAS-JMP Pro10. To examine S. enterica leaf colonization, stomata in a single view were checked for the presence of S. enterica. The percentage of stomata colonized by S. enterica was calculated for each treatment. Differences among treatments were tested for significance with Duncan's multiple-range tests using SAS-Jump10.
RESULTS

Plant-phytopathogen interaction influences S. enterica survival.
To understand the influence of phytobacterial pathogenicity on the survival of S. enterica, we examined the effects of resistant and susceptible plant responses to X. perforans on S. enterica populations. Five-week-old tomato plants (cv. NIL216) were inoculated with S. enterica and virulent X. perforans, S. enterica and avirulent X. perforans, or S. enterica alone (the strains are listed in Table 1 ). Inoculation of the tomato cultivar NIL216 with virulent X. perforans triggers a susceptible plant response (water-soaked lesions), while inoculation with avirulent X. perforans triggers a resistant plant response (small necrotic lesions characteristic of a hypersensitive reaction) (see Fig. S2 in the supplemental material). Avirulent X. perforans translocates effector AvrXv3 via the T3SS into plant cells, which triggers this resistance response (ETI), restricting bacterial growth of avirulent X. perforans in the apoplast (21) . No sign of disease appeared on the leaves inoculated with S. enterica alone. Both S. enterica and X. perforans populations were enumerated approximately every 2 days. No significant difference was found among experimental replications; data from two experiments are shown in Fig. 1 and 2 . S. enterica populations were significantly different for each dpi (Fig. 1A) (P Ͻ 0.001). S. enterica population change over time (slope) was significantly different on plants inoculated with S. enterica and virulent X. perforans compared to the leaves without X. perforans or leaves inoculated with S. enterica and avirulent X. perforans (interaction of dpi and treatment [dpi:treatment]; P Ͻ 0.001). S. enterica populations were ϳ10-fold higher by 14 days p.i. on leaves inoculated with S. enterica and virulent X. perforans than on the leaves inoculated with S. enterica alone (Fig. 1A) . The average virulent X. perforans population surpassed 10 6 CFU/cm 2 by 6 dpi (Fig. 1B) , when S. enterica populations were ϳ3-and 5-fold higher on leaves of plants inoculated with S. enterica and virulent X. perforans than on those inoculated with S. enterica alone and S. enterica and avirulent X. perforans, respectively (Fig. 1A) . The avirulent X. per- forans population did not reach beyond 10 6 CFU/cm 2 ( Fig. 1B) , due to the restriction of avirulent X. perforans multiplication as a result of ETI. As early as 4 dpi, S. enterica populations were significantly higher on leaves coinoculated with virulent X. perforans than on leaves inoculated with avirulent X. perforans (P Ͻ 0.001). Thus, S. enterica survival in the phyllosphere was influenced by the host response to infection by virulent X. perforans. Interestingly, 14 dpi, S. enterica populations on the leaves with activated ETI (i.e., plants inoculated with avirulent X. perforans) were ϳ3-and 10-fold lower than on the leaves inoculated with S. enterica alone and virulent X. perforans, respectively (Fig. 1A) . In addition, when ETI was activated, the rate of decline of S. enterica populations was higher (a steeper slope) than that on leaves with S. enterica alone (P Ͻ 0.05). Thus, plant defense responses activated against avirulent X. perforans were also effective in compromising the survival of S. enterica in the tomato phyllosphere.
Leaf age influences S. enterica and X. perforans populations. To understand the role of leaf age in persistence of S. enterica in the phyllosphere, we examined different leaf age categories in which S. enterica was applied alone or was coinoculated with virulent or avirulent X. perforans. Leaves were labeled as old, middle, and young at the time of inoculation (see Fig. S1 in the supplemental material). Water-soaked lesions (a symptom of bacterial spot disease, a result of suppression of pathogen-associated molecular pattern [PAMP]-triggered immunity [PTI]) were observed initially on middle leaves inoculated with S. enterica and virulent X. perforans at 4 dpi, followed by old and young leaves by 6 dpi (data not shown). No water-soaked lesions appeared on leaves inoculated with S. enterica and avirulent X. perforans; however, small necrotic lesions typical of a hypersensitive reaction (22) that did not spread or expand over time (a sign of plant resistance) appeared 5 dpi (see Fig. S2 in the supplemental material). The rates of S. enterica population decline were significantly different among different-aged leaves ( Fig. 2A) (dpi:treatment:leaf age; P Ͻ 0.001). Leaf age also affected X. perforans populations (Fig. 2B) , most apparently for avirulent X. perforans in young leaves. Population trends were similar between middle and old leaves for both S. enterica and X. perforans. Interestingly, S. enterica populations on young leaves were similar regardless of treatment, even though the rates of growth of virulent X. perforans were similar between different-aged leaves (Fig. 2B) . Thus, X. perforans virulence and leaf age both influenced S. enterica population dynamics in the phyllosphere.
S. enterica persistence is dependent on X. perforans pathogenicity but independent of the X. perforans population level. In the experiments discussed above, we observed a sharp decline in S. enterica populations on leaves treated with avirulent X. perforans but not on those treated with virulent X. perforans. We speculated that higher populations of virulent X. perforans as opposed to pathogenicity per se may be important in S. enterica persistence. For these experiments, we applied S. enterica alone or in combination with the virulent X. perforans at two concentrations, 10 5 CFU/ml and 10 6 CFU/ml, or the avirulent X. perforans at 10 6 CFU/ ml. The lower concentration of virulent X. perforans was selected so that the resulting virulent X. perforans populations would be close to the avirulent X. perforans concentration for a few days following inoculation and would provide information as to the importance of X. perforans populations for S. enterica persistence. We chose a single leaf age category (middle) for further experimentation. The lower virulent X. perforans inoculum level delayed bacterial spot development by 3 or 4 days (lesions appeared at 10 dpi) (data not shown) compared to the higher inoculum density (lesions appeared at 6 dpi). Although similar X. perforans populations in leaves were attained for avirulent and virulent X. perforans Fig. 1 
by leaf age. S. enterica (A) and X. perforans (B) populations (log CFU/cm
2 ) on tomato leaves were sampled every 2 days for 14 days postinoculation (dpi). Plants were inoculated with S. enterica and virulent X. perforans (asterisks and dotted lines), S. enterica and avirulent X. perforans (open circles and solid lines), or S. enterica alone (solid circles and dashed lines). The data represent two independent experiments combined, since no significant difference existed among experimental replicates (experiment:dpi:treatment:age; P ϭ 0.1 [S. enterica] and P ϭ 0.5 [X. perforans]). The lines correspond to a linear regression model and the shaded areas to their associated 95% confidence intervals.
(at the low inoculum) by 4 dpi (Fig. 3B) , S. enterica populations were 5-fold higher by 6 dpi and 10-fold higher by 14 dpi on leaves treated with virulent X. perforans (low inoculum) than on leaves treated with avirulent X. perforans (Fig. 3A) (dpi:treatment; P Ͻ 0.01). These results suggest that virulence of X. perforans, and thus manipulation of host defenses, is more important for the persistence of S. enterica in the phyllosphere than X. perforans population densities in the phyllosphere. This population difference also complements our findings in earlier experiments (Fig. 1) that ETI activated on the leaves with avirulent X. perforans is important in restricting survival of S. enterica in the phyllosphere. Virulent X. perforans influences S. enterica aggregation on leaves. To investigate the effect of X. perforans on S. enterica leaf colonization patterns, plants were inoculated with S. enterica and virulent X. perforans, S. enterica and avirulent X. perforans, or S. enterica alone and examined at 2 and 7 dpi with confocal laser scanning microscopy. These time points were chosen to compare the initial X. perforans infection period (2 dpi) and the time of established disease (7 dpi). At 2 dpi, S. enterica had colonized depressions between epidermal cells, areas close to veins, a few stomata (data not shown), and trichomes, as previously described (23, 24) . This spatial distribution over the entire leaf surface occurred in the absence of X. perforans, as well as on leaves cocolonized by X. perforans. By 7 dpi, virulent X. perforans formed large aggregates in the apoplast (see Fig. S3 in the supplemental material) while avirulent X. perforans was limited to small aggregates on the leaf surface (data not shown). When inoculated alone, S. enterica was observed as aggregates in 20% of the fields showing small aggregates of 2 to 10 cells (data not shown). In contrast, S. enterica formed aggregates of more than two cells in close proximity (observed in the same field of view) to virulent X. perforans aggregates in 95% of the fields examined (Fig. 4) . However, mixed 
S. enterica (A) and X. perforans (B) populations (log CFU/cm
2 ) on tomato leaves were sampled every 2 days for 14 days postinoculation (dpi). Plants were inoculated with S. enterica and virulent X. perforans (10 6 CFU/ml, asterisks and dotted lines; 10 5 CFU/ml, triangles and long-dashed lines), S. enterica and avirulent X. perforans (open circles and solid lines), or S. enterica alone (solid circles and short-dashed line). The data represent two independent experiments combined, since no significant difference existed among experimental replicates (experiment:dpi:treatment; P ϭ 0.5 [S. enterica] and P ϭ 0.1 [X. perforans]). The lines correspond to a linear regression model and the shaded areas to their associated 95% confidence intervals.
FIG 4 S. enterica and virulent X. perforans tomato leaf colonization. Plants
were inoculated with S. enterica and virulent X. perforans, S. enterica and avirulent X. perforans, or S. enterica alone, and middle leaves were sampled for confocal microscopy 7 days postinoculation. Shown is a representative overlapping z-stack from confocal scanning laser microscopy of a middle leaf from a plant inoculated with S. enterica and virulent X. perforans (z-stack spanning 27-m depth at ϫ40 magnification). S. enterica cells appear blue, and X. perforans appears green. Scale bar ϭ 25 m.
aggregates of S. enterica and X. perforans, which would appear as a mixture of blue and green cells, were rarely observed, even near bacterial spot lesions. S. enterica was found in aggregates of more than two cells on the leaves colonized by avirulent X. perforans in 40% of the fields examined, usually in the substomatal chambers. S. enterica was rarely observed in the apoplast, even in the presence of virulent X. perforans, indicating that surface colonization in aggregates is a strategy adapted by S. enterica on the leaves with bacterial spot disease (see Fig. S3 in the supplemental material) . Colonization in the form of aggregates might allow S. enterica to survive for longer periods by providing protection from environmental stress, in contrast to the solitary cells, as previously described (25) .
Since X. perforans enters the leaf apoplast via stomata, we examined S. enterica association with substomatal chambers or stomatal guard cells (Fig. 5) . We found that at 2 dpi, when X. perforans initially enters the leaf apoplast via stomata (18) , S. enterica associations with stomata were similar among treatments (Fig. 6 ) (P ϭ 0.66). In leaves coinoculated with S. enterica and virulent X. perforans, bacterial spot symptoms were present at 7 dpi, and S. enterica was found in association with stomata almost twice as often as on leaves inoculated with S. enterica alone (P Ͻ 0.05). However, there was no difference in S. enterica association with stomata between plants coinoculated with virulent X. perforans and S. enterica or with avirulent X. perforans and S. enterica (P ϭ 0.52). These data, coupled with our finding that the S. enterica populations on leaves coinoculated with S. enterica and virulent X. perforans are 30-fold larger on middle leaves than on leaves coinoculated with S. enterica and avirulent X. perforans ( Fig. 2A) , suggest S. enterica association with stomata plays little role in persistence. Furthermore, S. enterica fails to aggregate in the apoplast to appreciable populations even in the presence of large aggregations of virulent X. perforans (see Fig. S3 in the supplemental material) . S. enterica aggregates are seen in sections near the surface of the leaf, up to 15 m from the lower leaf surface, where stomata are still visible. In contrast, in sections greater than 16.5 m from the leaf surface (the apoplast), S. enterica is rarely seen.
DISCUSSION
With a goal of reducing human illness caused by consumption of contaminated raw produce, it is important to understand how plant-pathogenic bacteria influence populations of the plant symbiont S. enterica. It is recognized that brute force pathogens macerate plant tissue with cell wall-degrading enzymes during infection and thereby influence the growth of human pathogens in affected tissue (26, 27) . Previous work in our laboratory and others has shown that S. enterica populations also increase on leaves coinoculated with stealth phytobacterial pathogens (9, 16) . In this study, we found that survival of S. enterica on leaves is directly influenced by phytobacterial pathogen virulence. As early as 4 dpi, S. enterica populations were significantly larger in the phyllosphere coinoculated with S. enterica and virulent X. perforans than on leaves coinoculated with S. enterica and avirulent X. perforans or S. enterica alone. During the compatible interaction, virulent X. perforans delivers an array of type III effectors, some of which are responsible for suppressing PTI during early events of disease establishment and some of which are involved in imparting effectortriggered susceptibility (28) . The suppression of PTI by virulent X. perforans during the establishment of disease helps S. enterica to persist in the phyllosphere. These results complement the findings of Meng et al. (16) in that S. enterica benefits from a functional phytobacterial T3SS. However, by infiltrating S. enterica into leaves, the work of Meng et al. (16) was based on two assumptions: (i) S. enterica can generally access the apoplast, presumably via stomata, and (ii) S. enterica can reach or maintain large populations in the apoplast. In our study, we inoculated plants in a manner that mimics natural contamination of field-grown produce by S. enterica via irrigation water or pesticide diluent and found that S. enterica rarely colonizes the apoplast in significant populations, even in the presence of a virulent phytopathogen, X. perforans. Persistence of S. enterica was observed on the leaf surface as opposed to in the apoplast.
Bacterial cell aggregation is a mechanism for survival on plants (25) . In this study, we observed that S. enterica rarely formed cell aggregates on leaves inoculated with S. enterica alone. Previous findings that solitary cells are more susceptible to leaf surface stresses and die first (25) may explain the restricted survival of S. enterica in the phyllosphere when inoculated alone. Furthermore, S. enterica that was unable to produce cellulose and thus aggregate , and middle leaves were sampled for confocal microscopy at 2 days postinoculation and 7 dpi. Stomata from 10 random fields of view per leaf at ϫ40 magnification were examined for the presence of S. enterica from one leaf taken from each of three plants. The experiment was repeated at least three times. Average percentages of stomata colonized by S. enterica are shown for 2 dpi (white bars) and 7 dpi (gray bars). The error bars indicate standard deviations. Plants were inoculated with S. enterica and virulent X. perforans, S. enterica and avirulent X. perforans, or S. enterica alone, and middle leaves were sampled for confocal microscopy at 2 days postinoculation (dpi) and 7 dpi. Shown is a representative confocal laser scanning micrograph of a middle leaf from a plant inoculated with S. enterica and virulent X. perforans sampled at 7 dpi. S. enterica cells appear blue, and X. perforans appears green. Magnification, ϫ40. Scale bar ϭ 25 m.
had reduced survival on leaves (J. D. Barak, unpublished data). A net increase in S. enterica populations over the course of this study was not observed, even in the presence of the virulent X. perforans. However, large aggregates of S. enterica were observed on leaves cocolonized by virulent X. perforans, suggesting local replication, perhaps with simultaneous death of cells (presumably single cells) elsewhere, as opposed to cell migration from great distances to form large aggregates. If the former is true, then S. enterica may utilize limited nutrients liberated by X. perforans in a compatible interaction. During the infection process, phytopathogens manipulate plant metabolism to benefit their ability to colonize, both by suppressing plant defenses (compatible interaction) and by reallocating photoassimilates to supply the pathogen with nutrients (29) . The compatible interaction increases apoplastic carbohydrate levels in infected leaves by converting the leaves from sources to sinks (30) . In addition to changes due to infection, the physical and chemical composition of leaves also changes due to age (31, 32) , which can affect the associated bacterial community, including members such as S. enterica and E. coli. We found that the rates of S. enterica population decline were significantly different among leaf ages in the presence of virulent X. perforans, with the most rapid decline on young leaves and with old and middle leaves maintaining higher S. enterica populations. Our data suggest that the higher populations on leaves coinoculated with virulent X. perforans is most likely due to the ability of S. enterica to form aggregates on these leaves. Aggregated S. enterica survives for a longer period by gaining protection against environmental stress, as has been described previously for phyllosphere symbionts (33) . Even without a net population increase, persistence of S. enterica in the phyllosphere increases the risk of fruit contamination (24, 34) or direct consumption of an infectious dose in plants with edible leaves.
S. enterica leaf colonization was altered by X. perforans. In this study, S. enterica did not form mixed aggregates with X. perforans and S. enterica was found twice as often in substomatal chambers or in association with stomata guard cells in plants coinoculated with X. perforans as in plants where only S. enterica was applied to the leaf surface. This result suggests that S. enterica can colonize the protected niche of the substomatal chamber in leaves cocolonized by X. perforans regardless of X. perforans pathogenicity. Previously, S. enterica was reported to use flagellum-mediated motility to locate stomata and chemotaxis to access the leaf apoplast via stomata (35) . Since that study examined detached leaf pieces, it was unknown whether similar mechanisms would cause a niche switch from cell junctions and glandular trichomes, as we and others previously reported (10, 23, 24) , to substomatal chambers in live plants cocolonized with a human pathogen and phytopathogen (this study). Although substomatal chambers shelter bacteria from ultraviolet light exposure and desiccation on the leaf surface, we conclude that association with stomata alone cannot account for the larger S. enterica populations seen in the presence of virulent X. perforans, since the incidences of S. enterica colonization of stomata were similar between leaves coinoculated with virulent or avirulent X. perforans. While it is known that X. perforans manipulates stomatal closure (36), our finding suggests X. perforans accesses substomatal chambers prior to pathogen recognition by the plant. Cumulatively, these data support the conclusion that the benefit gained by S. enterica from the virulent phytopathogen occurs in the absence of S. enterica reaching large populations in the apoplast. ETI, which is induced during incompatible plant-pathogen interactions, is accompanied by programmed cell death in the form of a strong hypersensitive response that restricts the multiplication and spread of an avirulent pathogen. Our study shows that the ETI host responses elicited against an avirulent phytobacterial pathogen negatively impacted colonization of the phyllosphere by the symbiont S. enterica. During incompatible interactions (in this case, wild-type X. perforans on NIL216), suppression of PTI is overridden by a strong activation of ETI, which results in stronger, quicker, more prolonged and robust plant immune responses (28, 37) . Since S. enterica populations differed among treatments (coinoculation with virulent X. perforans or avirulent X. perforans) prior to bacterial spot appearance (day 4), events prior to bacterial spot disease development may be important for survival of S. enterica. The rate of decline of S. enterica on ETI-induced leaves was steeper than on leaves with S. enterica alone. Thus, the gene-forgene resistance against X. perforans, which is triggered soon after phytobacterial entry into stomata, also proved to be effective in restricting S. enterica populations on the leaf surface.
The discovery that colonization of tomato plants by X. perforans coincides with longer persistence of S. enterica is alarming, as the opportunity to contaminate fruit rises with lingering S. enterica populations on leaves (24, 34, 38) . Currently, the produce industry lacks an effective control method to ensure complete removal or killing of food-borne pathogens in fresh or minimally processed fruits and vegetables. The contamination incidences at the preharvest level indicate the need to design new intervention strategies for ensuring the safety of fresh produce, possibly at the level of the field. Tomato production areas where S. enterica is endemic (2) are also plagued by bacterial speck and bacterial spot of tomato, caused by P. syringae pv. tomato and xanthomonads, respectively (39) . Our studies indicate that plant disease caused by stealth plant pathogens, e.g., X. perforans, is likely a risk factor for increased persistence of human pathogens, such as S. enterica, on leaves closest to developing fruit or those directly consumed (middle and older leaves), thereby increasing the potential for human illness. Resistance against bacterial plant disease appears to be effective in minimizing S. enterica populations, indicating a possible strategy of deploying resistance against phytobacterial pathogens to reduce preharvest incidences of S. enterica contamination.
